ABSTRACT: Transition metal dichalcogenides (TMDs) are particularly sensitive to mechanical strain because they are capable of experiencing high atomic displacements without nucleating defects to release excess energy. Being promising for photonic applications, it has been shown that as certain phases of layered TMDs MX 2 (M = Mo or W; X = S, Se, or Te) are scaled to a thickness of one monolayer, the photoluminescence response is dramatically enhanced due to the emergence of a direct electronic band gap compared with their multilayer or bulk counterparts, which typically exhibit indirect band gaps. Recently, mechanical strain has also been predicted to enable direct excitonic recombination in these materials, in which large changes in the photoluminescence response will occur during an indirect-to-direct band gap transition brought on by elastic tensile strain. Here, we demonstrate an enhancement of 2 orders of magnitude in the photoluminescence emission intensity in uniaxially strained single crystalline WSe 2 bilayers. Through a theoretical model that includes experimentally relevant system conditions, we determine this amplification to arise from a significant increase in direct excitonic recombination. Adding confidence to the high levels of elastic strain achieved in this report, we observe strain-independent, mode-dependent Gruneisen parameters over the entire range of tensile strain (1−3.59%), which were obtained as 1.149 ± 0.027, 0.307 ± 0.061, and 0.357 ± 0.103 for the E 2g , A 1g , and A 2 1g optical phonon modes, respectively. These results can inform the predictive strain-engineered design of other atomically thin indirect semiconductors, in which a decrease in out-of-plane bonding strength may lead to an increase in the strength of strain-coupled optoelectronic effects. KEYWORDS: Strain engineering, band gap engineering, tungsten diselenide, transition metal dichalcogenide, photoluminescence, optoelectronics T ransition-metal dichalcogenides (TMDs) are a relatively new class of atomically thin materials receiving interest for overcoming limitations inherent to graphene-based electronics, of which there are more than 40 unique TMDs encompassing a diverse range of unique properties.
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ABSTRACT: Transition metal dichalcogenides (TMDs) are particularly sensitive to mechanical strain because they are capable of experiencing high atomic displacements without nucleating defects to release excess energy. Being promising for photonic applications, it has been shown that as certain phases of layered TMDs MX 2 (M = Mo or W; X = S, Se, or Te) are scaled to a thickness of one monolayer, the photoluminescence response is dramatically enhanced due to the emergence of a direct electronic band gap compared with their multilayer or bulk counterparts, which typically exhibit indirect band gaps. Recently, mechanical strain has also been predicted to enable direct excitonic recombination in these materials, in which large changes in the photoluminescence response will occur during an indirect-to-direct band gap transition brought on by elastic tensile strain. Here, we demonstrate an enhancement of 2 orders of magnitude in the photoluminescence emission intensity in uniaxially strained single crystalline WSe 2 bilayers. Through a theoretical model that includes experimentally relevant system conditions, we determine this amplification to arise from a significant increase in direct excitonic recombination. Adding confidence to the high levels of elastic strain achieved in this report, we observe strain-independent, mode-dependent Gruneisen parameters over the entire range of tensile strain (1−3.59%), which were obtained as 1.149 ± 0.027, 0.307 ± 0.061, and 0.357 ± 0.103 for the E 2g , A 1g , and A 2 1g optical phonon modes, respectively. These results can inform the predictive strain-engineered design of other atomically thin indirect semiconductors, in which a decrease in out-of-plane bonding strength may lead to an increase in the strength of strain-coupled optoelectronic effects. KEYWORDS: Strain engineering, band gap engineering, tungsten diselenide, transition metal dichalcogenide, photoluminescence, optoelectronics T ransition-metal dichalcogenides (TMDs) are a relatively new class of atomically thin materials receiving interest for overcoming limitations inherent to graphene-based electronics, of which there are more than 40 unique TMDs encompassing a diverse range of unique properties. 1−4 Technologies based on these materials offer size, weight, and power advantages not currently achievable using traditional materials and are especially promising for nanophotonic applications 5, 6 including quantum emission sources. 6−16 As certain phases of layered TMDs MX 2 (M = Mo or W; X = S, Se, or Te) are scaled to the thickness of one three-atom-thick layer, the electronic dispersion undergoes a transition from an indirect to a direct band gap due to quantum confinement effects. 17−20 In the TMD class, tungsten diselenide (WSe 2 ) is particularly promising as an optoelectronic material because it can be electrostatically tuned from intrinsic to both high-electron and high-hole concentrations and exhibits an electron−hole effective mass ratio near unity.
21, 22 While a direct bandgap can be intrinsically imparted in monolayer materials, it has been predicted that elastic strain 23, 24 can be used as an extrinsic method to reversibly engineer a direct band gap in multilayer crystals with indirect band gaps. Promising for optoelectronic applications, atomically thin WSe 2 has recently been shown to exhibit strain-sensitive photoluminescence (PL) 25 and absorption 26 responses, and localized strain has been hypothesized to enable spatially precise single photon emission. 8, 16 Understanding the mechanisms that are responsible for these effects, however, has been limited by difficulty in quantifying atomiclevel strain experienced by an atomically thin material.
Here, we report the first experimental observation of a 2 orders of magnitude direct excitonic recombination enhancement (124.3×) for WSe 2 bilayers at 3.59% uniaxial tensile strain. This large optoelectronic response enables us to determine the strain-dependent band gap evolution by studying the indirect and direct electron transitions over a wide range of strain. Through a new ab initio model, we accurately reproduce the experimental strain-dependent electronic dispersion through incorporation of both the van der Waals (vdW) interaction and the Poisson effects. Additionally, we have obtained mode-dependent Gruneisen parameters that allow us to validate the strain-dependent properties presented in this report.
To demonstrate an indirect-to-direct transition, our study focuses on single crystal bilayer WSe 2 , which is an indirect semiconductor in its natural, unstrained state. The bilayer WSe 2 used here is grown by a chemical vapor deposition (CVD) method similar to previous reports 27, 28 (see the Supporting Information for details). In contrast to previous multilayer CVD growth reports for TMDs, 29 our bilayer WSe 2 are synthesized so that the top and bottom layers possess the same lateral dimensions (up to ∼15 μm). Atomic force microscopy (AFM) analysis demonstrates a uniform thickness of ∼1.3 nm over the entire triangular crystallite ( Figure S1 ). Cross-sectional scanning transmission electron microscopy (STEM) confirms the bilayer structure with an interlayer distance of ∼0.7 nm ( Figure S2 ). Both AFM and STEM characterizations are in accordance with the out-of-plane unit cell parameter and (0002) interlayer spacing of AB-stacked bulk WSe 2 (1.29825 and 0.64943 nm, respectively; powder diffraction file no. 38-1388). 30 Figure 1 illustrates that the spatially dependent Raman spectra of bilayer WSe 2 is uniform in intensity throughout the entire crystallite for the E 2g , A 1g , and A 2 1g Raman active modes. Previous studies on strain-coupled properties of atomically thin materials have only been able to access tensile strain up to ∼2%, 25, 31, 32 which limits optoelectronic property amplification or attenuation. One similarity is that these studies consist of an atomically thin material in which only one surface is in contact with the substrate or two surfaces are in contact with two different substrate materials. This can lead to a low amount of strain being transferred from the substrate to the sample as a result of nonideal interfacial adhesion or plastic deformation. 33 This observation erodes confidence in the reported quantitative values unless the amount of transferred strain is validated through vibrational response analysis, as has been shown conclusively for graphene. 34 This is more critical for multilayer structures because poor interfacial adhesion causes a nonuniform strain distribution between the top and bottom layers, which can result in slippage between layers. 35 Here, we have developed a method to encapsulate the atomically thin sample with poly(methyl methacrylate) (PMMA), allowing us to apply high strain values without slippage and also prevent surface degradation in our materials, which can occur by exposure to air. 36 CVD-grown WSe 2 bilayers were transferred between two ∼500 nm thick PMMA layers and attached to a ∼1 mm thick flexible poly(ethylene terephthalate) (PET) substrate (see the Supporting Information for details). High strain in the samples was achieved after annealing the composite at 150°C under an argon atmosphere to enhance the adhesion strength between the interfaces of PET, PMMA, and WSe 2 without sample degradation by exposure to air at high temperature. We observed the PMMA layer became conformal to the substrate and passed standard Scotch and Kapton tape peeling tests after annealing, indicating strong adhesion, as has been observed for PMMA-assisted transfer of graphene. 37 We note that a recent study 38 found an order of magnitude increase in the thermal expansion coefficient of several monolayer TMD materials compared to the bulk material. The relationship of thermal expansion coefficient (α) to elastic modulus (E) can be expressed as α = γρc v /E, in which γ is the Gruneisen parameter, ρ is the mass density, and c v is the specific heat. Because this thermophysical property is inversely proportional to the elastic constant, it is likely that mono-and few-layer TMD materials are more compliant than their bulk counterparts and, thus, more able to be strained by bending experiments. Based on the reported values in ref 38 , the elastic modulus of bilayer WSe 2 will be ∼4.1 times smaller than the bulk value, 39 or ∼12.6 GPa along the c-axis. Thus, it is likely that mono-and few-layer TMD materials are more compliant than their bulk counterparts and, thus, more able to be strained using flexible substrates such as in this work.
Uniaxial strain in this study is applied through a customdesigned four-point bending apparatus ( Figures S4−S6) , and both PL and Raman spectra are obtained using a multiline Raman spectrometer (LabRAM HR Evolution, Horiba Scientific, Ltd.). To verify the strain transferred to an atomically thin material in our experimental configuration, we first obtained the Gruneisen parameter of graphene by measuring strain-dependent Raman spectra. The graphene was transferred using the same method described for WSe 2 . The Gruneisen parameter, γ, of the in-plane transverse optical (iTO) phonon polarization was determined using the 2D mode of the graphene sample and the three-dimensional Poisson effect model described in the Supporting Information as γ 2D = 3.66 ± The PL emission and Raman spectra of bilayer WSe 2 are obtained using 2.33 eV (λ = 532 nm) continuous wave excitation at low power (86 μW) to avoid sample damage and spectral shifts due to local heating effects. 31 Figure 2 shows the PL emission response to uniaxial tensile strain. The PL spectra were deconvolved by two Gaussian peaks that differ in energy by ∼138 meV for the unstrained bilayer WSe 2 and by ∼8 meV for a strain of 3.59% ( Figure S9 ).
To elucidate the mechanisms driving the measured straincoupled optoelectronic effects, we have developed a full theoretical analysis of the electronic dispersion evolution with strain using density functional theory (DFT), the main results of which are shown in Figure 3 . Spin orbital coupling (SOC), van der Waals interaction (vdW) of WSe 2 layers, and the Poisson effect of the substrate are all taken into account for the electronic band structure calculation. As Figure 3b depicts, the experimental strain-dependent indirect and direct emission peaks match well with the theoretical prediction, with only a slight difference arising from the assumption of strainindependent binding energy and the estimation of the substrate's Poisson ratio. We also compared our experimental results to a previous DFT prediction using the Heyd− Scuseria−Ernzerhof (HSE) hybrid functional, which does not consider vdW interactions or the Poisson effect 25 ( Figure 3b ). . 25 The indirect-to-direct conversion occurs at ε // > 3.5% in both the experiment and DFT−vdW−Poisson calculation and at ∼0.5% when vdW interactions are neglected (DFT−HSE), 25 indicating that increased interlayer coupling strength may lead to weaker strain-coupled effects in layered materials.
The HSE−DFT result predicted an indirect-to-direct transition crossover at a small strain of ∼0.5%, which differs from our experimental and theoretical results by an order of magnitude. This large deviation indicates the importance of the vdW interaction for layered TMDs such as bilayer WSe 2 and the Poisson effect of the substrate in achieving physically reproducible theoretical predictions for strain-coupled transport phenomena. We note that it is reasonable to neglect the vdW interaction for unencapsulated monolayer TMDs; however, this component is critical for multilayer TMDs.
To assign the two PL subpeaks to electronic transitions, we first compared the PL peak energy difference to the spin-orbit valence band splitting energy at the K-point in the Brillouin zone, which is ∼0.5 eV from 0 to 2% uniaxial tensile strain. 26 The valence band splitting energy is at least four times larger than our measured PL peak energy difference, and its dependence on strain is much less than we measured here. Secondly, neither of the two PL peaks are expected to result from trion emission because the charged exciton energy is only ∼30 meV lower than the exciton energy for unstrained bilayer WSe 2 , 41 which is ∼4.6 times lower than we have measured. Thirdly, these two PL peaks do not belong to biexcitonic recombination because its observability should significantly diminish above 70 K. 42 We can also conclude that these two peaks do not stem from slippage between the top and bottom WSe 2 layers at high strain. As slippage will increase with strain, the difference between these two peaks would revert to a larger energy closer to that of the unstrained material, which is contradictory with our experimental observation of continuously decreasing separation with strain. As shown in the inset of Figure 2a , the unstrained PL peak at 1.50 eV has a full width at half maximum (FWHM) of 121.03 meV, which is similar to the reported FWHM of the indirect band transition of unstrained bilayer WSe 2 . 43 Additionally, the strain-dependent blue (red) shift of the lower (higher) energy PL subpeak also matches the indirect (direct) electronic band gap strain dependence calculated by our ab initio model, which includes spin-orbit coupling, interlayer van der Waals bonding, and the Poisson effect from the PMMA encapsulation layer and the PET substrate ( Figure 3 ). Thus, we assign the lower-energy PL subpeak to the indirect electron transition between the conduction band minimum at the Σ-point (CBM Σ ) and the valence band maximum at the Κ-point (VBM Κ ) and the higherenergy subpeak to the direct electronic transition at the Κ-point (CBM Κ −VBM Κ ). The PL indirect band gap linearly increased with strain at a rate of 11.14 meV/% to 1.54 eV (FWHM = 123.08 meV) at 3.59% uniaxial tensile strain. The PL direct band gap decreased with strain at a rate of 27.9 meV/% from 1.64 eV (FWHM = 117.2 meV) in the unstrained material to 1.54 eV (FWHM = 53.6 meV) at 3.59 % uniaxial tensile strain. The FWHM of the direct transition peak is similar to that reported for mechanically exfoliated monolayer WSe 2 (FWHM = 56 meV). 43 Our theoretical model predicts that the PL indirect-to-direct crossover will occur at 4.28 %; however, the ability to reach this value experimentally is limited by the fatigue of the PMMA/PET substrate.
Because the bilayer WSe 2 is an indirect semiconductor at mechanical equilibrium, we report optical strain-coupled behavior for direct and indirect transitions separately. Figure  2b shows that the PL intensity corresponding to the direct excitonic transition (colored squares) is enhanced by 124.3 times at 3.59% strain. The enhancement of the overall maximum PL intensity (colored triangles) is 101.4 times at 3.59% strain. Even at 1.93% uniaxial strain, the maximum PL intensity enhancement is ∼42.6×, which is 42% larger than previously reported at 2% strain 25 due to the high amount of strain transferred to the TMD sample in this work as verified experimentally using thin graphite (see the Supporting Information for details). The maximum PL intensity enhancement is smaller than the enhancement of the direct transition because the indirect transition has a higher PL intensity than the direct transition for the unstrained sample. As the strain increases to values higher than ∼0.5%, the direct transition begins to dominate the PL response as shown in Figure 2a .
To elucidate the mechanisms responsible for the large enhancement observed here and to understand the maximum achievable amplification, we have used our DFT−vdW− Poisson theoretical model to calculate the enhancements of the direct and indirect excitonic transitions as:
where I j indicates the photoluminescence intensity, the subscript j indicates the transition type, and ΔE j (ε // ) and ΔE j (ε // = 0) are the band-transition energies of the strained and unstrained bilayer WSe 2 (see the Supporting Information for details). The PL intensity enhancement for the experimental direct transition (colored squares in Figure 2b ) and theoretical prediction results (light blue solid line in Figure 2b ) are consistent. The experimental PL enhancement is 124.3× and the calculated result is 81.35× at 3.59% strain. The deviation at lower strain may arise from simplifying assumptions for eq 1 and the assumption of a strain-independent binding energy in the DFT−vdW−Poisson model. As can be seen in Figure 2b for the indirect transition, a large disagreement in both trend and magnitude between the experimental (colored triangles) and calculated (light blue solid line) amplification of the indirect transition likely arises due to enhanced scattering between Κ and Σ valleys in the conduction band, which become closer in energy with strain as will be discussed. The experimental PL intensity of the indirect transition is amplified by ∼59.7 times at 3.59% strain, which is contrary to both our experimental observation and our theoretical prediction of an increase in indirect band gap energy with tensile strain. Applying eq 1 to the indirect transition, the PL intensity is expected to attenuate with tensile strain to a value of I indirect /I indirect (ε // = 0) = 0.52 at 3.59% strain. This can be explained by an increase in the phonon-assisted electron scattering from the conduction band minimum at the Κ-point (CBM direct ) to the conduction band minimum at the Σ-point (CBM indirect ) as illustrated in Figure 3a . The PL intensity of the indirect transition is the result of competition between: (i) an increase in the indirect band gap with strain that weakens the radiative recombination rate and (ii) phonon-assisted CBM direct -to-CBM indirect electron scattering that enhances the indirect recombination rate. The phonon-assisted CBM direct -to-CBM indirect intervalley transition rate is proportional to the direct transition rate, which increases with strain. Thus, the indirect transition PL intensity is enhanced with strain. Meanwhile, increasing the indirect band gap with strain counteracts the PL intensity enhancement due to the phonon-assisted CBM direct -to-CBM indirect intervalley transitions. The energy difference between CBM direct and CBM indirect drives this intraband electron transition and can be evaluated as:
Our theoretical results shown in Figure 3b indicate that ΔE indirect−direct decreases with increased strain at a rate of 35.7 meV/%, from 155 meV at ε // = 0% to 12.2 meV at ε // = 4%. Thus, the phonon-assisted CBM direct -to-CBM indirect transition rate is expected to increase with tensile strain by 250.6 times at 4% uniaxial tensile strain according to:
The consequences of increased intraband scattering can be observed in Figure 2b , where the maximum PL enhancement becomes closer to the direct transition enhancement at high strain while entering into an apparent saturation regime as the valley minima near degeneracy. Additionally, the high amplification of the indirect transition intensity with strain (as opposed to the theoretically predicted attenuation) results from the greatly increased intraband scattering processes as ΔE indirect−direct decreases toward degeneracy. Strain dependence of the phonon energies in bilayer WSe 2 yield information on atomic displacement and fundamental thermodynamic properties. Figure 4 shows the evolution of optical phonon energies with strain as obtained by Raman spectroscopy. The unstrained sample shows three major Raman active modes: (i) the in-plane transverse optical E 2g mode at 250.1 cm . The E 2g and A 1g peak energies are comparable with those reported for unstrained CVD-grown 27 and mechanically exfoliated WSe 2 thin layers, 43 while the A 2 1g mode only appears for multilayer WSe 2 . 27, 44 As increasing the uniaxial tensile strain breaks the crystal symmetry, the doubly degenerate E 2g mode evolves into two discrete modes, E mode arises from phonon softening in the presence of tensile strain (ε // ), while the blue-shift of the E + 2g mode indicates stiffening due to perpendicular compressive strain (ε ⊥⊥ ) resulting from the Poisson effect of the substrate. In contrast with previous unencapsulated cases that only consider the inplane two-dimensional Poisson effect, 34 we have evaluated the Gruneisen parameter of our encapsulated bilayer WSe 2 with a three-dimensional Poisson effect model developed to incorporate the compressive strain in the out-of-plane direction arising from the strained encapsulation layer. Using this threedimensional Poisson effect model, the phonon polarization specific Gruneisen parameters are evaluated as: 
where ω 0,i is the frequency of the unstrained phonon mode i, Δω 0,i is the change in frequency of the phonon mode i with uniaxial strain, ν in-plane is the Poisson's ratio of the PMMA/PET composite, and ν out-of-plane is the Poisson's ratio of the PMMA (see the Supporting Information for details). Over the range of 0−3.59% strain, the Gruneisen parameter (γ) of the E 2g mode is measured as 1.149 with a standard deviation of 0.027, γ of the A 1g mode is 0.307 with a standard deviation of 0.061, and γ of the A 2 1g mode is 0.357 with a standard deviation of 0.103, which are comparable to MoS 2 . 31 We justify the importance of our 3D model for encapsulated atomically thin materials as follows. If we had applied a two-dimensional Poisson effect model to our experimental data, the Gruneisen parameter of our samples would be calculated as 0.517 ± 0.012, 0.138 ± 0.027, and 0.161 ± 0.046 for the E 2g , A 1g , and A 2 1g modes, respectively. Thus, by neglecting the out-of-plane Poisson effect in encapsulated samples, the Gruneisen parameter would be underestimated by a factor of 2.2, which is of importance because it governs the anisotropic intrinsic phonon scattering processes in these materials.
45−48
In conclusion, we have demonstrated that a photoluminescence enhancement of 2 orders of magnitude in bilayer WSe 2 stems from strain-dependent electronic band gap evolution in the elastic regime. The encapsulation technique and four-point bending method developed for this study enable us to apply up to ∼3.59% uniaxial strain on our atomically thin material while preventing sample degradation from exposure to air during thermal processing and laser irradiation. We have postulated an important materials design guideline related to band degeneracy because suppression of intervalley electron scattering events through band engineering may lead to further increases in emission enhancement. Our study also demonstrates the necessity of considering van der Waals interactions and the Poisson effect in the atomically thin material's surrounding environment for theoretical predictions of straincoupled optoelectronic phenomena. upstream at the edge of heating zone, which operates at a lower temperature during growth. Crystal growth occurs on a silicon substrate with a ~285 nm-thick SiO2 film placed polished-side-down on the crucible containing the WO3 powder. Prior to growth, the CVD reactor is pumped to a rough vacuum pressure lower than 10 -4 mbar, followed by injection of gaseous H2 (4.992%)/N2 (balance) (Airgas, 99.999% purity) at 100 cm 3 min -1 to purge the system. Once atmospheric pressure is S-2 reached, the H2/N2 flow is reduced to 50 cm 3 min -1 , and the growth is performed using a sealed bubbler filled with silicone oil (Sigma Aldrich) at the exhaust to maintain 1000 mbar pressure and prevent air from diffusing back into the reaction chamber. The system is heated to 1000°C in 1 hour, then keep at 1000°C for 15 minutes. During the growth, the Se temperature is measured as ~290°C by a thermocouple taped to the outside of the quartz tube. The system is cooled to 750°C in 20 minutes; followed by rapid cooling achieved by opening the furnace lid. We have identified that a critical parameter in successful growth of bilayer WSe2 single crystals with uniform thickness is the time at which Se vapor is introduced into the chamber, which can be finely tuned by adjusting the position of the Se crucible. We achieve high yield growth by introducing Se when the furnace center's thermocouple reads ~820°C. We observe that introducing Se too early in the growth results in small grain sizes and non-uniform thickness likely due to poisoning of the metal oxide source powder, which reduces the tungsten precursor concentration. Introducing Se too late results in thicker samples as thick tungsten oxyselenide nucleation on the substrate is reduced to WSe2. Figure S1 shows a WSe2 bilayer crystallite with a uniform thickness of ~1.3 nm, in accordance with the out-of-plane unit cell parameter of AB-stacked bulk WSe2, which is 12.9825 Å (Powder Diffraction File no. 38-1388) S1 . The growth results in grain sizes on the order of 5-18
µm.
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Figure S1. Atomic force microscopy (AFM) analysis of uniform bilayer WSe2. (A) AFM mapping of the entire domain demonstrates uniform thickness across the crystallite. (B) Cross-sectional height profiles demonstrate the thickness of bilayer WSe2 is approximately 1.3 nm and is consistent with the c-axis unit cell parameter for AB-stacked WSe2 (1.2983 nm, Powder Diffraction File #38-
1388)
S1
.
II. Cross-sectional scanning transmission electron microscopy (STEM) characterization
The cross-sectional STEM sample is prepared using a Ga + Focused Ion Beam (FIB, FEI Helios Nanolab 460F1). The WSe2 on SiO2/Si crystal is first aligned so that the lamella can be prepared along a certain crystallographic direction, namely or . To prevent sample damage caused by gallium ion bombardment, the WSe2 is first coated with carbonaceous platinum by electron beam induced metal deposition (EBIMD) at 5 kV and 13 nA. As shown in Figure S2a , the triangular shape of the WSe2 bilayer is still observable after EBIMD of platinum. A thicker Pt coating, ~2 µm in thickness, is subsequently deposited using the Ga + ion beam at 30 kV and 80 pA and acts as the sacrificial protective layer for ion milling. The lamella is then cut by the Ga S1 .
Cross-sectional high-angular annular dark-filed (HAADF) STEM analysis shows the bilayer structure of the CVD-grown WSe2. (c) Line profile of the HAADF intensity along the length of the red line drawn in (b). The interlayer distance is measured as ~0.7 nm and is in agreement with the {0002} interplanar spacing of WSe2 (d0002=0.6493 nm, Powder Diffraction File #38-1388)
III. Sample transfer and encapsulation method
A thin layer of poly(methyl methacrylate) (PMMA, ~500 nm) is spin-coated onto the WSe2/SiO2/Si sample at 500 rpm with a slow ramping rate of 15 rpm/s to prevent sample delamination or interlayer exfoliation and does not undergo a pre-exposure baking step. The coated substrate is then immersed into 1% HF to etch the SiO2, followed by thoroughly rinsing the PMMA/WSe2 composite in deionized H2O. Meanwhile, another thin PMMA layer (~500 nm) is spin-coated onto a 1.00±0.01 mm-thick poly(ethylene terephthalate) (PET, Sigma Aldrich S-5 #GF74053818) substrate which serves as the bottom flexible substrate used to apply strain in this experiment. The PMMA/WSe2 composite is then transferred onto PMMA/PET substrate and naturally dried under an argon atmosphere to prevent WSe2 degradation. To obtain high strain transfer from the substrate to the encapsulated sample, the PMMA/WSe2/PMMA/PET composite is annealed at 150°C for several hours until both the top and bottom PMMA layers become conformal S2 . The encapsulated WSe2 bilayer is still observable by an optical microscope after the annealing process as shown in Figure S4 . We have found that lowering the PMMA annealing temperature below 150°C results in poor strain transfer from the substrate to the WSe2, while increasing to temperatures higher than 150°C induces irreversible deformation of the PMMA/WSe2/PMMA/PET composite. After the annealing treatment, the PMMA encapsulation layer is strongly attached to the PET substrate and passes standard Scotch TM and Kapton ® tape peeling tests.
As the PMMA/WSe2 composite film was peeled from the SiO2/Si substrate, AFM may not be an accurate tool to measure the thickness and layer number of WSe2 on PMMA as the spin-coated PMMA follows the WSe2 contour. It has been shown that the PL spectra of WSe2 changes with different layer numbers from monolayer to bulk S3 . To demonstrate this effect in this work, we identified a CVD-grown WSe2 crystal with different layer numbers and measured its thickness by AFM before transfer. We then measured the PL spectra after encapsulation in PMMA. Figure S3a shows the AFM of a WSe2 crystal on SiO2/Si substrate consists of bilayer, trilayer, six layer, and 
IV. Four-point bending system
A custom-designed four-point bending apparatus was used to apply tensile strain to bilayer WSe2.
The bending apparatus consists of two horizontal upper arms to apply the downward force, and S-7 two vertical lower supports whose height is adjusted using a precision vertical linear stage (Newport #M-MVN80) with 10 µm vertical graduations. Figure S4 shows the system with a strained PMMA/WSe2/PMMA/PET composite. The radius of curvature, r, is determined using image processing software (ImageJ 1.51k) S4 , and the uniaxial strain on the WSe2 is determined as e// = t/r where t is half of the composite thickness, measured to be ~0.5 mm. We note that this value of strain is limited to the case of perfect strain transfer from the substrate to the encapsulated WSe2. We have performed a calibration study using graphene which demonstrates our experiment is conducted in this regime (see section VI in the supporting information). 
S-8 V. Three-dimensional Poisson effect model for Grüneisen parameter calculation
The Grüneisen parameter (g) describes the effect of changes in cell volume on the phonon energies.
The macroscopic Grüneisen parameter is defined as
where P is the pressure, E is the internal energy, V is the volume of crystal, CV is the specific heat at constant volume, S is the entropy, and T is the temperature. From the quasi-harmonic approximation, the entropy, S, can be expressed as
and its volume derivative at constant temperature can be expressed as ,
where kB is the Boltzmann constant, ħ is the reduced Planck constant, i denotes the phonon mode index, k denotes the phonon wave vector, and wk,i is the angular frequency of phonon mode i at wavevector k. The macroscopic Grüneisen parameter, g, can be further expanded according to equations S1-S3 as .
Based on Einstein's model S7 , where all oscillators have the same energy, wk,i = w0,i and the vibrational density of states is defined as g(w0,i) = d(w-w0,i). The specific heat can be expressed as (S5) Thus, in the Einstein limit of a non-propagating optical phonon with frequency w0,i, the microscopic Grüneisen parameter can be expressed as ,
where eh is the hydrostatic component of strain and Dw0,i is the phonon frequency change due to strain. In our study, the phonon polarizations of interest are the in-plane transverse optical E2g 
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For a non-encapsulated and tensile-strained sample, an in-plane perpendicular compressive strain component (e ⊥ ⊥ , in-plane) arises due to the Poisson effect of the substrate, which should be considered when estimating the Grüneisen parameter of strained atomically thin materials placed onto flexible substrates. It has been shown that the in-plane compressive strain component in the substrate can overcome the counter force from covalent bonds within monolayer graphene S8 and MoS2 S9 . For an encapsulated and tensile-strained sample, an additional out-of-plane compressive strain (e ⊥⊥, out-of-plane) will arise due to the Poisson effect of the encapsulation layer as illustrated in Figure S5 . The counterforce for this out-of-plane strain is the interlayer van der Waals bonds, which are orders of magnitude weaker in energy than the covalent bonds. Thus, for encapsulated layered materials, it is necessary to consider both the in-plane and the out-of-plane Poisson effects.
In this study, eh has three components depicted in Figure S5 : (i) e//, the uniaxial tensile strain applied by the bending substrate, (ii) e ⊥⊥,in-plane , the compressive strain due to the Poisson effect of the PMMA/PET substrate in the sample plane and perpendicular to e//, and (iii) e ⊥⊥,out-of-plane , the compressive strain due to the Poisson effect of the PMMA encapsulation layer perpendicular to both the sample plane and e//. The hydrostatic strain and Grüneisen parameter can then be expressed as and
respectively, where n in-plane is the Poisson's ratio within the sample plane, and n out-of-plane is the Poisson's ratio along the direction perpendicular to sample plane. The semi-crystalline PET used here has a Poisson's ratio between 0.37-0.44 (range provided by manufacturer, Goodfellow Cambridge Ltd.). As the PET substrate is ~10 3 times thicker than the PMMA layers, we have ( ) 
The above equations also apply to the non-encapsulated samples, where one can simply set the Poisson's ratio of the encapsulation layer, n out-of-plane, to zero which reduces equations S10 and S11
to previously reported expressions S8, S9 .
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VI. Strain reversibility and strain transfer verification The strain reversibility verification was carried out through PL emission spectra measurements under repeated strains. The PL emission spectra and the maximum PL intensity in Figure S6 show that the strain effect is reversible until 1.56% strain. The PL spectra does not exhibit hysteresis in cyclic straining, indicating no slippage between two WSe2 layers or between the WSe2 bilayer and the PMMA. After 1.56% strain, the PET or PMMA enters the plastic regime so cyclic testing is not performed at strain values of 1.93% or above, but we do not observe creep or relaxation as evidenced by our Raman spectra at high strains (see Figure 4 , main text). NanoLab 460F1). The ion beam current was set at 7 pA to avoid serious sample damage. As shown in Figure S7 , the 2D peak:G peak Raman intensity ratio was 2:1 both before and after milling which indicates that the single layer structure remained intact S13 . The D peak appears for patterned graphene due the scattering of Ga + ions which creates defects away from the area directly exposed to the ion beam. The PMMA/graphene film was removed from the Cu substrate using 0.1 M ammonium persulfate at room temperature. The Raman spectra was measured by a Horiba
Multiline Raman Spectrometer-LabRAM HR Evolution. Since we were unable to resolve the G mode from the signal arising from the PMMA/PET substrate, we evaluated the Grüneisen parameter of dispersive in-plane transverse optical (iTO) phonons using the 2D mode of the sample and the three-dimensional Poisson effect model as described above (equation S11).
S-14 Figure S8 ). The value we obtain for graphene is consistent with the value for the iTO modes we calculate by analyzing the 2D strain-dependent frequency shift reported in a similar study on graphene 
VII. Photoluminescence (PL) spectra analysis
The PL emission spectra was deconvolved for each strain value using Gaussian distributions as shown in Figure S9 . We note that the coefficient of determination (R 2 ) is high due to the low PL signal-to-noise ratio, 0.983 for the unstrained sample and higher than 0.997 for all strained cases. 
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VIII. Density functional theory calculation of strain-dependent electronic band structure DFT calculations were performed using projector augmented wave pseudo-potentials S14 as implemented in the VASP code S15 . The cutoff energy is 520 eV for the plane-wave expansions, and the Monkhorst-Pack k-point mesh is 15´15´1. The exchange-correlation functional is treated within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximations (GGA) S16 . The conventional DFT energy is supplemented with a pairwise interatomic vdW potential which is determined by Tkatchenko and Scheffler (TS-vdW) from non-empirical mean-field electronic structure calculations S17 . The TS-vdW parameterization has proven to be robust to describe the interlayer coupling for strain engineering in other 2D TMDs S18, S19 . The atomic positions of a unit cell (3 atoms) are optimized until all components of the forces on each atom are reduced to values below 0.01 eV/Å.
In order to demonstrate the importance of considering the Poisson effect in ab initio calculations of strained atomically thin materials, we have also developed a model which does not consider the Poisson effect. We note that neglecting van der Waals interactions will overestimate the interlayer distance in DFT calculations S20 . Thus, we believe that adding van der Waals interaction into our DFT calculations is necessary to predict physically relevant electronic band structures of TMD materials. Figure S10 shows the band gap evolution with strain for the model without the Poisson effect from the substrate. Compared with Figure 3 in the main text, the model considering both van der Waals interaction and the Poisson effect from the substrate is more consistent with experimental results as expected from the experimental configuration.
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where n is the electron concentration, p is the hole concentration, Anp represents radiative recombination, Bnp 2 represents Auger recombination, and Cn represents Shockley-Read-Hall recombination. The PL intensity of the direct electronic transition can be estimated as ,
where ndirect and nindirect are the electron concentrations at the direct and indirect conduction band minima, CBMdirect and CBMindirect, respectively. To estimate the PL intensity amplification, we 
Using the Boltzmann approximation, we approximate ndirect using the strain-dependent direct electronic band gap obtained by our DFT-vdW calculations, DEdirect, as .
A similar treatment can be used to predict attenuation of the indirect transitions as . 
